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Characterization of Outdoor Dielectrics for Power System Applications

The economy of transporting large amount of power over long distance makes high
voltage transmission line an important component of the power system. The continuous
and stable operation of the transmission lines are critical for the power system. Outdoor
insulators provide electrical insulation as well as mechanical support between energized
conductor and grounded parts. Therefore, insulator performance is intimately related to the
reliability of power delivery. Insulator performance is affected by weather parameters (such
as rain and pollution) and aging characteristics of its components. High voltage
transmission lines, passing through high vegetation areas, also face a risk of wildfire.
During fire fighting activities, large amount of fire retardant is used to extinguish the fire.
Under such severe and complex operation environment, there is pressing demand for
utilities to obtain a simplified and rapid insulator diagnosis method to schedule an overhaul
or replacement of aging insulators, so as to ensure operational continuity and reduce
economic losses.
In order to explore the characteristics of insulator flashover, experiments were
conducted to gather flashover data for both composite and ceramic insulators, varying from
distribution to transmission classes. Conventional pollutant and a new type of pollutant, a
commercial fire retardant, were studied to learn their effect on the surface condition of
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CHAPTER 1

INTRODUCTION

Introduction and Background
Transmission lines play an important role in the power system. They are the
economic method of transmitting electric power from one place to another. The operational
continuity of transmission lines is one crucial aspect for the stability of the power system.
Insulator is one pivotal part of the power transmission system. It is used to isolate
conductors from the tower, which is grounded, and provide mechanical support for
transmission lines. One primary failure of insulator is flashover, which is a disruptive
discharge over the surface of the insulator and could cause interruptions of power deliveries
and lead to economic losses. Therefore, the reliability of insulators is one important
concern for power serving utilities.
Insulator performance is affected by many factors, such as materials, shape,
degradation characteristics and pollutant types [1, 2]. A solid understanding of insulator
characteristics can be supportive for solving many issues, like insulator design, flashover
prediction, as well as insulator selection, maintenance and replacement. In general,
insulators can be classified into three main types according to different materials: ceramic
insulator, glass insulator and composite insulator. For ceramic and glass insulators, the
main factor that affects insulator performance is pollutants from environment, such as salt
and cement dust. Those pollutants can decrease the hydrophobicity of the insulator surface.
1

Insulating material’s degradation, like aging and erosion, is a crucial factor for composite
insulators, besides the effect of pollutants on the insulator surface [3]. The ultraviolet (UV)
in the sunlight can destroy the composite material in molecular level [4]. In addition, corona
and arcing can erode the surface of insulator thus changing its surface characteristics [5, 6].
Composite insulators become more and more popular in recent decades due to its
advantages, such as lightweight, low cost and easy availability when compared with
traditional ceramic and glass insulators [7-10]. Composite insulator consists of a fiberglass
core and polymeric housing, which does not have intermediate hardware. Thereby, there
would be a highly non-linear electric field distribution which is harmful for the insulation
materials. Defects can develop due to substandard manufacturing, poor quality control and
acquired aging [11]. Such defects might be not easily noticeable in a timely manner and
cause insulator failure and power interruption eventually.
Several live line inspection methods were developed in the past for utilities to test
each insulator before use, including resistance measurement, leakage current measurement,
partial discharge test, radio influence voltage (RIV) test, ultrasound detection and so on.
But they are not able to identify the defects if the conducting defects are not considerably
long, as to an Institute of Electrical and Electronics Engineers (IEEE) Task Force [12].
Besides, many techniques, like visual inspection, thermal measurements, light emission
imaging, wettability classification, acoustic measurements and buzz method, have been
attempted for in-service insulator inspection [13, 14]. However, many limitations narrow
their applications, such as high environment interference and low resolution [15].
Meantime, insulator flashover performance is also concerned by utilities for transmission
lines located in high vegetation area, where high-conductive fire retardant would be
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dumped by aircraft for fire-fighting activities.
Under such circumstance, proper in-service inspection methods without removing
the insulators from the line are necessary to grade insulator parameters and analyze
insulator status. After all, it is a huge challenge to find a simple and economical in-service
insulator inspection method because there are various factors that can affect the insulator
performance and many heavy interferences, making the inspection truly difficult.
Research Objectives
This research focuses on studying the factors which can affect insulator’s flashover
performance and exploring valuable in-service insulator inspection method. Artificial
contamination test was conducted to study flashover characteristics of different types of
insulators with various contaminations. The impact of fire retardant on insulator
performance was evaluated and suggestions are provided for transmission lines passing
through high vegetation areas. Finally, a novel electrical field measurement method was
utilized for in-service insulator inspection. The major research objectives are:
For insulators provided by South California Edison (SCE):
1. Evaluate the equivalent salt deposit density (ESDD) and pollution severities for
11 groups of insulators which are retired from transmission lines of different
regions after few years running. Those insulators include many types, such as
composite and ceramic insulators.
2. Determine the maximum withstand voltages for those insulators at the original
ESDD and 10 times the original ESDD.
3. Determine the maximum withstand degree of contamination for those insulators
at 120% operating voltage. Objectives 2 and 3 take aim at valuing insulating
3

properties and necessity of insulator washing.
For insulators provided by Salt River Project (SRP):
1. Evaluate the ESDD and wettability classes of the insulator after coating with
fire retardant. This is utilized to examine the changing of surface condition.
2. Test flashover voltages (FOVs) with fire retardant on the insulator surface both
in no fog and clean fog situations with different drying time elapsed. The results
can be utilized to judge the possibility of flashover under different environment
during or after putting out forest fire with fire retardant.
3. Detect the surface resistance both in no fog and clean fog situations to monitor
and analyze the recovery of surface insulation.
4. Build a flashover prediction model to predict flashover voltage for insulators
rated at higher voltage levels, and provide suggestion for insulator selections in
high vegetation area.
Flashover Probability Prediction Model:
1. Develop a comprehensive flashover voltage prediction model from
experimental data by introducing a new parameter, form factor ratio.
2. Construct a flashover probability prediction model as to the comprehensive
flashover voltage prediction model and normal distribution theory.
3. Conduct parameter sensitivity analysis to provide suggestions for insulator
design and in-service maintenance.
Electric Field Measurement:
1. Calibrate the measurement probe’s parameter to examine its accuracy.
2. Evaluate the behavior of different components of the electric field vector so as
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to determine the component for future measurement.
3. Study the conductivity variety for contamination with different ESDD values.
4. Measure the electric field distribution for different kinds of insulators with
various contamination layers.
5. Construct relation model for electric field distribution and insulator flashover
voltage.
6. Conduct numerical calculations to verify the measurement as well as tested the
performance of the relation model.
Organization and Content
This report consists of seven chapters. Chapter 1 presents background overview as
well as research objectives. Chapter 2 describes the literature review, including factors
causing degradation, insulator experiment methods and in-service insulator inspection
methods. Chapter 3 presents the artificial contamination tests of distribution class
insulators, consisting of ESDD, maximum withstand voltage and maximum withstand
degree of contamination. Chapter 4 discusses the impact of fire retardant on insulator’s
performance and regression model for flashover prediction. Chapter 5 constructs a
flashover probability prediction model which can be used for insulators with various shapes
and materials. Some parameters’ effect on the insulator performance is also evaluated.
Chapter 6 explores the relation between electric field distribution and insulator
performance. Guidance of evaluating insulator performance with the measurement of
electric field was also presented. Finally, chapter 7 declares conclusions and future work
of the research.
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CHAPTER 2
LITERATURE REVIEW ON INSULATOR DEGRADATION
AND TEST METHODS

Factors Causing Degradation
A solid understanding of insulator’s degradation mechanism is important for future
design of insulators and their trouble-free, long-time operation. Degradation characteristics
depend on many factors, such as insulator material, electrode material, ambient gas and the
presence of UV [16]. The arcing happened on electrode can affect the electric field by
generating heat to melt or vaporize the electrode [17]. Thermal process caused by discharge
and arcing can interact with the insulator surface and lead to decomposition of the insulator
material [18, 19]. UV radiation from the sun can also lead to decomposition of the insulator
material [17, 20]. Factors such as UV radiation, pollutant, fog and corona are responsible
for the loss of hydrophobicity as well [21].
Insulator Experiment Methods
Conventional Testing methods are listed in the IEEE standard [22]. For ceramic
insulator, three main parameters are maximum withstand voltage, maximum withstand
degree of contamination and 50% withstand voltage. These parameters can be evaluated
under both alternating current (AC) and direct current (DC) voltages [23, 24]. Also, there
are two testing approaches: solid layer test method and salt fog test method. Solid layer test
6

method is conducted under clean fog with a contamination layer on the insulator surface.
The clean fog is generated by tap water to fulfill the chamber before and during the test.
The contamination layer is applied by using a slurry including water, inert material and
sodium chloride (NaCl). Salt fog test method is conducted under ambient contamination
provided by a specified salinity of spray water. These tests are utilized to evaluate the
insulating characteristics of insulators under different kinds of environment and various
degrees of pollution severities [25-31].
Besides conventional methods, a model which can predict and evaluate insulating
properties is crucial for actual situations. Many research efforts were conducted to make
flashover voltage prediction for both ceramic and non-ceramic insulators [32-38].
Regression [39, 40] and simulation models [21] were also pursued for flashover prediction
according to surface resistance information. Harmonics were utilized to construct flashover
prediction model as well [41]. In addition to traditional pollutants, some special pollutants,
like road salt, sulfate and nitrate ions, were studied, on flashover voltage prediction [42,
43]. The analysis of leakage current was another important approach to study insulator [44,
45] and a model to predict ESDD was built by using leakage current information [46].
Electric Field Analysis Techniques
Electric field distribution is the key for the performance of dielectrics [47, 48]. All
insulation designs aim at obtaining a reasonable electric field distribution for the insulation
media eventually. As a result, the basic principle for insulator design is to achieve a smooth
electric field gradient. Therefore, electric field analysis becomes one pivotal part for
insulation design and evaluation [49-51].
The electric field distribution can be calculated with Maxwell’s equations via partial
7

differential equations [52]. Many numerical computational methods have been developed
to solve the partial differential equations and some are widely used in power area, like
charge simulation method (CSM) [53, 54], finite element method (FEM) [55, 56], finite
difference method (FDM) [57] and boundary element method (BEM) [58]. Despite coding
customized calculation program in language like C and Matlab, many softwares provide
electric field solution packages with friendly interface, ample material libraries and even
multiple algorithm solver selections, such as ANSYS, COMSOL and Coulomb. Normally,
it is complicated to reproduce the complex electromagnetic environment, where the
research object was employed, in the simulation. Such complex case makes the simulation
of the model impractical.
Very limited information about electric field has been studied for actual
measurement [59], since there is no valuable technique that can measure the electric field
formerly. Two electro-optic effect, Kerr effect and Pockels effect, shows potential for
widespread applications in electric field measurement recently [60-62]. Kerr effect is about
the change in the refractive index of a material is directly proportional to the square of the
electric field applied to the material [63]. Pockels effect is about the change in birefringence
of an optical medium is proportional to the electric field applied to the optical medium [64,
65]. Several types of sensors have been constructed and results indicate that there is a large
potential of applicability [66-70].

8
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CHAPTER 3

EXPERIMENTS WITH DISTRIBUTION CLASS INSULATORS

Introduction
The performance of insulators installed in the overhead distribution system is
critical after few years operating due to pollutant and aging [71, 72]. Their stable operation
relates to the safety of the distribution supply network. Aging and pollutant can change
properties of the insulator surface and decrease its insulation as time goes on [73, 74].
Effectively flashover voltage prediction at certain pollution levels can offer a good
reference for operators to make decisions such as when to wash insulators or replace them
with new ones [75].
The pollution severities of insulator samples retiring from outdoor environment are
measured firstly. Then a series of experiments have been conducted to determine their
maximum withstand voltages at certain contamination levels. Finally, the maximum
withstand degrees of contamination at 120% operating voltages are determined.
Experimental Methods
Evaluation of Insulator Site Pollution Severity
The insulator pollution severity test is carried out according to the IEEE and
International Electrotechnical Commission (IEC) standards [22], [76]. ESDD is utilized to
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evaluate the pollution situation on the insulator surface and the level is classified by site
pollution severity (SPS).
By the measurement of the volume conductivity 𝜎𝑇 (S/m) at the temperature 𝑇
(℃), the value of 𝜎20 is then obtained by the following relationship [22],
𝜎20 = 𝜎𝑇 [1 − 𝑏(𝑇 − 20)]

(3.1)

where, 𝜎20 is the layer conductivity at 20℃ (in S/m);
𝜎𝑇 is the volume conductivity at 𝑇℃ (in S/m);
𝑇

is the temperature of the insulator surface (in ℃);

b

is a factor depending on the temperature, as given in Table 3.1 [22].

Table 3.1 The Values of Factor b under Different Temperatures for Conductivity
Adjustment
𝑇 (℃)

b

5

0.03156

10

0.02817

20

0.02277

30

0.01905

Note: other b values within 5℃ to 30℃ can be obtained by interpolation.

The salinity of the slurry, Sa (in kg/cm3), is determined by the following equation
[22],
𝑆𝑎 = (5.7𝜎20 )1.03

(3.2)

The salt deposit density Sdd (in mg/cm2) is obtained by [22],
𝑆𝑑𝑑 =

𝑆𝑎 𝑉
𝐴

where, V is the volume of the slurry (in cm3);
A is the area of the cleaned surface (in cm2).
10

(3.3)

Solid Layer Test
The solid layer test is conducted as per the IEEE Standard [22]. It is intended to
provide behavior information of the external insulation under certain contamination level.
The insulator is coated with certain level of contamination according to the ESDD value.
It is prepared for the test with clean fog environment in the chamber after the contamination
layer is dry. Additionally, no more than two tests can be performed on an insulator with the
same contamination layer.
Experiment System
The diagram of the experiment system is shown in Figure 3.1. The power source is
a 100 kV, 40 kVA high voltage alternating current (HVAC) transformer, controlled by a 480
V regulator. Fog is generated by six ultrasonic atomizers which are placed in a big water
tank. A leakage current sensor is in series with the grounding to record leakage current with
the data acquisition (DAQ) system.

11

Fog Chamber

Holding
Insulator

Leakage
Current
Sensor

Test object
Insulator
Grounding

Data acquisition
Device

Computer

HVAC
48V DC
Source

Ultrasonic
Atomizer

HVAC
Transformer

Distilled Water

Water Mist
Water Tank

Water Depth
Monitor

Figure 3.1 Solid Layer Test Diagram for Insulator Tested under Clean Fog Situation

Detailed explanations for subsections of the system are shown below.
i. Ultrasonic Atomization System
Six ultrasonic atomizers (type RM-10D48, shown in Figure 3.2) are supplied
by six 48 kV DC sources (shown in Figure 3.3). The water level in the tank
needs to be stable since water vapor output is very sensitive with the depth of
the water. A small water container is set up outside the fog chamber, connected
with the water tank with a pipe, to make sure that the water depth is within the
feasible range during the whole experiment. By controlling the water level in
the water container outside the fog chamber, the water level in the water tank
can be maintained at proper level due to the law of equilibrium in connected
vessels.
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Figure 3.2 Ultrasonic Atomizers in Water Tank

Figure 3.3 48 kV DC Supplies for Ultrasonic Atomizers
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ii. Leakage Current Sensor
The basic circuit of the sensor is shown in Figure 3.4. The spark gap and
bidirectional diode are used to limit the voltage magnitude on measuring resistor.

From Insulator

Divider
Resistor

Spark Gap
Bidirectional
Diode
To DAQ Device

Measuring
Resistor

Figure 3.4 Circuit Diagram for the Leakage Current Sensor
iii. DAQ System
The DAQ device used in this research is NI USB-6008 (shown in Figure 3.5).
A signal pair, constituted by two analog input channels, is used to form a
differential input channel. The NI-DAQmx package is used in Labview to
process the data collected by DAQ device NI USB-6008. The block diagram
built in Labview is shown in Figure 3.6 and the front panel is shown in Figure
3.7.

Figure 3.5 NI USB-6008 Multifunction I/O Device
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Figure 3.6 Block Diagram for the Leakage Current Recording System in Labview

Figure 3.7 Front Panel for the Leakage Current Recording System in Labview
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ESDD Measurement
There are 22 insulators in total, including both composite and ceramic insulators,
and each type has two samples. They are divided into 11 groups (shown in Figure 3.8).
All insulators were in service in various locations of California for few years before
removed and well packed in a suitable manner to avoid disturbance of pollutants on the
insulator. The pollutants were wiped off separately from the top and bottom surfaces of the
most polluted shed in each insulator with the cotton swab. Some surfaces were cleaned
only half the area and some are cleaned the whole area. ESDD results are shown in Table
3.2, in which the conductivity is volume conductivity and measured in 100 mL distilled
water [1].

Group 01

Group 02

Group 03

Group 04

Group 05

Group 06

Group 07

Group 08

Group 09

Group 10

Group 11

Figure 3.8 11 Groups’ Distribution Class Insulators Provided by SCE
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Table 3.2 ESDD Test Results for 11 Groups’ Distribution Class Insulators
Top
Group

Tag

Bottom

Conductivity

ESDD

Conductivity

ESDD

(μs/cm)

(mg/cm2)

(μs/cm)

(mg/cm2)

Pollution
Severity

1

Kings-16kV-1D

14

0.0174

10

0.0123

Light

2

Opal-4kV-1A

19

0.0281

13

0.0190

Light

3

49-16kV-2

9

0.0034

13

0.0049

Very Light

4

TO-16kV-4A

5

0.0019

12

0.0045

Very Light

5

39-16kV-9A

56

0.0111

66

0.0149

Light

6

49-4kV-2B

3

0.0005

78

0.0116

Light

7

49-4kV-2A

17

0.0038

49

0.0069

Very Light

8

39-16kV-11A

8

0.0023

115

0.0342

Light

9

EI Paseo-4kV-1D

12

0.0042

108

0.0456

Medium

10

TO-16kV-1A

16

0.0056

27

0.0118

Light

11

HB-12kV-1A

26

0.0032

228

0.0312

Light

The ESDD evaluation results show that the pollution severities for all 11 groups’
insulators are below medium level. In general, pollutant can be accumulated on the
insulator surface with time goes on. Meanwhile, wind and raining could also wash away
the pollutant. A balance could form between the accumulation and washing after few years’
operation. As a result, insulators operated in most areas would have a pollution severity
lower than medium level, except few heavy pollution regions.
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Contamination Tests
The application of contamination layer was achieved by a small paint brush. The
contamination contains NaCl, kaolin and distilled water. The weight of NaCl is calculated
by [22],
𝑀𝑁𝑎𝐶𝑙 = 𝐸𝑆𝐷𝐷 × 𝐴

(3.4)

where, ESDD is selected as the larger value measured in Table 3.2 for each insulator;
A is the total surface area of the insulator.
The required amount of NaCl was then mixed with approximate 25 g of kaolin per
5000 cm2 of surface area and 30 g of water per 25 g of kaolin according to IEEE Standard
[22]. Table 3.3 shows ESDD applied in the experiment for original contamination, 10 times
contamination and 20 times contamination.
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Table 3.3 Contamination Information for 11 Groups’ Distribution Class Insulators

Group

Tag

Operating
Voltage
(kV)

ESDD(mg/cm2)
Original
10 times
20 times
Contamination Contamination Contamination

1

Kings-16kV-1D

9.24

0.0174

0.174

0.348

2

Opal-4kV-1A

2.31/9.24

0.0281

0.281

0.562

3

49-16kV-2

9.24

0.0049

0.049

0.098

4

TO-16kV-4A

9.24

0.0045

0.045

0.09

5

39-16kV-9A

9.24

0.0149

0.149

0.298

6

49-4kV-2B

2.31

0.0116

0.116

0.232

7

49-4kV-2A

2.31/9.24

0.0069

0.069

0.138

8

39-16kV-11A

2.31/9.24

0.0342

0.342

0.684

9

EI Paseo-4kV-1D

2.31

0.0456

0.456

0.912

10

TO-16kV-1A

9.24

0.0118

0.118

0.236

11

HB-12kV-1A

6.93

0.0312

0.312

0.624

Note: The two operating voltages mean insulators in this group were operated at
two different voltages.

Maximum Withstand Voltage Test
A series of preliminary tests are carried out to determine the approximate flashover
voltage values at different contamination levels so as to speed up the procedure of
determining maximum withstand voltages. When flashover happened, the protection
current relay can be triggered and cut off the power supply, since the flashover can lead to
a sudden significant increase in current.
The insulator is placed in the fog chamber for 30 minutes to enable uniform wetting.
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The operating voltage is applied to the insulator for 20 minutes. If no flashover happens,
the voltage is increased in a step of 10% every 5 minutes until flashover. After flashover,
the voltage is reapplied as quickly as possible to 90% of the previously obtained flashover
voltage and thereafter increased in a step of 5% of the flashover voltage every 5 minutes
until flashover happens. The last process is repeated until 5 flashovers observed in total.
The data are shown in Table 3.4.
It can be seen from Table 3.4 that flashover voltages at original contamination levels
are at least 4 times higher than their operating voltages. They are much higher than voltages
applied in on-site situations. Therefore, insulators can provide enough insulation at their
operating voltages and it is no necessary to find the maximum withstand voltages at original
contamination levels.
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Table 3.4 Preliminary Test Results for 11 Groups’ Distribution Class Insulators
1x Contamination
Applied
Voltage

Leakage
Current

(kV)

(A)

1

50

0.020

2

50

3

10x Contamination
Applied
Voltage

Leakage
Current

(kV)

(A)

No Flashover

50

0.020

No
Flashover

0.018

No Flashover

24

0.007

Flashover

50

0.018

No Flashover

32

0.010

Flashover

4

42

0.016

Flashover

22

0.007

Flashover

5

44

0.016

Flashover

20

0.007

Flashover

6

28

0.006

Flashover

20

0.007

Flashover

7

18

0.004

Flashover

14

0.004

Flashover

8

22

0.004

Flashover

16

0.004

Flashover

9

14

0.004

Flashover

12

0.004

Flashover

10

50

0.008

No Flashover

20

0.007

Flashover

11

50

0.008

No Flashover

32

0.010

Flashover

Group

Result

Result

Note: 1. Leakage current in the table is the stable leakage current when there is
no arcing;
2. The maximum applied voltage in the experiment is set at 50 kV.

For maximum withstand voltage test at 10 times contamination, the insulator is
placed in the fog chamber for 30 minutes to enable uniform wetting. The test voltage is
then applied instantaneously. The voltage is maintained until flashover or for 15 minutes if
no flashover occurs. The first test voltage is taken as 80% of the flashover voltage in Table
3.4 to speed up the procedure. The experiment results are shown in Table 3.5.
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Table 3.5 Maximum Withstand Voltages for 11 Groups’ Distribution Class Insulators
under 10 Times the Original Contamination Situation

Group

Tag

Operating
Voltage

Maximum Withstand Voltage

(kV)

Maximum
Withstand
Voltage (kV)

Operating Voltage

(%)

1

Kings-16kV-1D

9.24

44.02

476%

2

Opal-4kV-1A

2.31/9.24(1)

21.17

229%

3

49-16kV-2

9.24

24.51

265%

4

TO-16kV-4A

9.24

21.17

229%

5

39-16kV-9A

9.24

18.29

198%

6

49-4kV-2B

2.31

11.55

500%

7

49-4kV-2A

2.31/9.24(2)

12.73

551%

8

39-16kV-11A

2.31/9.24(2)

9.05

392%

9

EI Paseo-4kV-1D

2.31

8.62

373%

10

TO-16kV-1A

9.24

21.17

229%

11

HB-12kV-1A

6.93

18.38

265%

Note: 1. The operating voltage used is 9.24 kV for group 2;
2. The operating voltage used is 2.31 kV for group 7 and 8.

Maximum Withstand Degree of Contamination Test
The maximum degree of contamination tested in the lab is 20 times the original
contamination level. There are no flashover signs even at 20 times contamination levels for
all insulators.
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Discussion
1) The pollution severities of all insulators are below medium level.
2) The maximum withstand voltages at the original degree of contamination are
approximately 4 times higher than the operating voltages. Flashover could
unlikely happen for all 11 groups’ insulators at their operating voltages.
3) At 10 times degree of the original contamination, maximum withstand voltages
are roughly greater than twice the operating voltages.
4) At the highest operating voltage expected in service (roughly 20% higher than
the original value), there is no flashover even at 20 times the original degree of
contamination.
Therefore, all insulators appear to have no risk of flashover at the operating voltage
or 120% operating voltage even with 20 times degree of the original contamination
observed in field.
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CHAPTER 4

IMPACT OF FIRE RETARDANT ON HIGH VOLTAGE INSULATOR

Introduction
Wildfire during summer is a recurring problem in areas like Arizona. When there is
transmission line located within the wildfire area, the reliability of power delivery during
and after the fire event is a big concern for power serving utilities. Large amount of fire
retardant could be dumped from planes or helicopters by firefighters. Part of fire retardant
would come in contact with power line components, including insulators. The fire retardant
is conducting liquid, which could increase the risk of insulator flashover and power
interruptions during the firefighting process. In such situation, flashover or not is concerned
during the firefighting process or immediately after the energizing of the transmission line.
Utilities would like to know how soon the transmission line can be re-energized safely, if
the line needs to be turned off during the fire fighting activities. Therefore, it is important
to estimate the effect of fire retardant on the insulator flashover properties [77].
This chapter focuses on studying the effect of an ammonium polyphosphate based
fire retardant on both composite and ceramic insulators, suitable for 115 kV transmission
lines. Research about flashover voltage is explored for different coating types and different
drying time elapsed. Statistical method is also developed to extend the validity results to
predict flashover voltages at higher voltage levels.
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Experiment Subjects
Fire Retardant
Fire retardant is a special type of pollutant for the insulator. Compared with
traditional soluble (like sea or road salt) and insoluble (like fly-ash and cement dust)
pollutants, fire retardant contains substantial amount of water and has a high conductivity.
Initial tests indicated that the ESDD can be several times higher than the traditional
pollutant sources, which are typically less than 0.3 mg/cm2 even in heavily polluted regions.
It would significantly change the surface condition of insulator. Subsequent wetting from
fog, mist, dew or rain would also enhance the flashover risk if insulators were not cleaned
after the fire subsided.
The fire retardant studied in this chapter is LC-95 type, produced by PHOS-CHEK.
It is red iron oxide colored and environmentally friendly retardant [78]. Its composition is
shown in Table 4.1. Meanwhile, there are also many other types of fire retardant ingredients,
such as phosphate based or sulfonate based, which are also very conductive [79-81].

Table 4.1 Fire Retardant Composition and Weight Percentage
Substance

Chemical Abstracts
Service (CAS) No.

Weight %

Ammonium Polyphosphate Solution

-

>85.0

Attapulgus Clay

8031-18-3

<5.0

Iron Oxide

1332-37-2

<5.0

Performance Additives

Trade Secret

<8.0

25

This fire retardant’s conductivity can be as high as 20 to 30 mS/cm. The ESDD of
the insulator would result in a value up to 5 mg/cm2 if covering with the fire retardant. This
is much higher than the pollutant severity normally encountered during service [82, 83].
Insulators for Testing
The composite insulator tested in this research is armousil silicone rubber insulator,
manufactured by SEDIVER Inc. and rated at 66 kV. The category NO. is
NYB120XF029SIL. It contains 15 large sheds and 14 small sheds in total. The shape and
size details are shown in Figure 4.1. The housing material is silicone rubber.

Unit: cm
3.3 2.75
2.5
0.8
2.75 0.8

113 78

Shed
Shank

Figure 4.1 115 kV Composite Insulator Shape and Dimensions

The ceramic insulator tested in this research is the American National Standards
Institute (ANSI) class 52-5 ceramic insulator. The shape and size details are shown in
Figure 4.2.
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14.6

Unit: cm

25.4

Figure 4.2 52-5 Cap and Pin Type Ceramic Insulator Shape and Dimensions

ESDD Evaluation
Several preliminary artificial contamination tests were carried out to determine the
ESDD which would be applied for the further experiment. ESDD test was carried out
according to the IEEE standard [22]. The fire retardant was wiped off separately from the
top and bottom surfaces of composite insulator’s sheds. Only half of the surface was
cleaned (details are shown in Figure 4.3). Three top and bottom surfaces were tested to
reflect the general condition of insulator. In Table 4.2, area is defined as the surface area of
top or bottom surfaces and the conductivity was measured in 100 mL distilled water.
Finally, the ESDD was set as 3 mg/cm2 for the further experiment, which
corresponds to 166.67 mL fire retardant per 5000 cm2.
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Table 4.2 ESDD Evaluation Results for 115 kV Composite Insulator
Top

Bottom

Area

Conductivity

Conductivity

ESDD

(cm2)

(μs/cm)

(μs/cm)

(mg/cm2)

62.22

2800

4.80

60.02

1510

2.64

62.22

3200

5.51

60.02

1260

2.19

62.22

2900

4.98

60.02

1610

2.82

ESDD

Area

(mg/cm2) (cm2)

Figure 4.3 Surface Wiping for 115 kV Composite Insulator
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Surface Wettability Classification
The evaluation of the surface wettability was conducted as per the IEC guidance
[84]. A paintbrush was utilized to apply a uniform thin layer of the mixture of fire retardant
liquid and Kaolin powder on the insulator surface. Figure 4.4 is the contrast picture
showing surfaces before and after application of the fire retardant. It can be seen that there
is a continuous wet film on the insulator surface, even for the new insulator. For the
composite insulator, the wettability class (WC) before and after the application of the fire
retardant is WC 1 and WC 7, respectively. Meanwhile, the wettability classes are WC 4
and WC 7, for the ceramic insulator surface before and after coating with the fire retardant,
respectively.

Figure 4.4 Surface Wettability Contrasts for both Composite and Ceramic Insulators
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Contamination Tests
Fire Retardant Coating
Two steps were processed to make sure the fire retardant coating is uniform.
First step was coating with the kaolin-fire retardant mixture. The amount of kaolin
in the mixture is approximately 25 g per 5000 cm2 of the surface area and 37 mL fire
retardant per 25 g kaolin. The viscosity of this mixture can guarantee the uniform coating
on the insulator surface.
The second step was coating only with the fire retardant approximately after 15
minutes of the first step. At this time, the first coating layer is semi-dry, in which situation
the first coating layer is just dry enough to attach to the surface of insulator.
The picture after first and second steps is shown in Figure 4.5 and Figure 4.6.

Figure 4.5 Coating Result for the 115 kV Composite Insulator
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Figure 4.6 Coating Result for the 52-5 Cap and Pin Type Ceramic Insulator

Flashover Voltage Test
Two main factors that affect insulator surface properties are coating area and drying
time. Large coating area can increase the wettability of the insulator surface. Also, long
drying time might offer a better recovery of insulation property. To simulate different
possibilities that might happen during the fire fighting operation, three coating types were
prepared, including coating the whole surface uniformly, coating both top surface of sheds
and the shanks, as well as coating only the top surface of sheds. The experiments were
conducted under two situations. One was tested without allowing any time for the coating
to dry, under no fog situation, and the other one was tested after several periods of drying
time, ranging from minutes to hours, with external wetting by fog.
For each situation, the experiment was repeated four times and the lowest flashover
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voltage was recorded as the flashover voltage and a different sample was used for each test.
The maximum applied voltage was 70 kV in this test, since the rated voltage for insulator
used in 115 kV transmission line is 66 kV. The results are shown in Table 4.3. Details before
and after flashover for composite insulator are shown in Figure 4.7, in which the white
parts were dried by arcing.

Table 4.3 Flashover Voltage Test Results for the 115 kV Composite Insulator
Wetting Condition

Coating Area

Drying Time (h)

Flashover Voltage

0

< 10 kV

1/3

12 kV

1

38 kV

2

42 kV

4

No Flashover up to 70 kV

Top & Shank

0

No Flashover up to 70 kV

Top only

0

No Flashover up to 70 kV

24

66 kV

48

No Flashover up to 70 kV

72

No Flashover up to 70 kV

96

No Flashover up to 70 kV

Top & Shank

24

No Flashover up to 70 kV

Top only

24

No Flashover up to 70 kV

Entire Surface
Without Wetting

With
Wetting

Entire Surface
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Figure 4.7 Details before and after Flashover for 115 kV Composite Insulator Coated
with Fire Retardant

Surface Resistance Measurements
Surface resistance was measured to study the dynamic surface conductivity change,
as per the guideline of an IEEE Task Force [85]. 8 sheds (including 4 large ones and 4 small
ones) were utilized to test the surface resistance and the fully coated situation is shown in
Figure 4.8.
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Figure 4.8 Setup of the Surface Resistance Test for 115 kV Composite Insulator

The tests were conducted under two cases, with and without external wetting. The
applied voltage is 300 V for both cases. For the case without external wetting, the voltage
was applied to the insulator as soon as the coating was finished. For the case with external
wetting, the insulator had 24 hours drying time. Then the voltage was applied after it was
placed in the fog chamber for 30 minutes to enable uniform wetting.
Figure 4.9 shows leakage current curves for both situations when the whole surface
of insulator was coated. There is a significant decrease of leakage current for non-wetting
case after 9 minutes of the test. This decrease is not very significant for case with wetting.
The leakage current reaches to a stable level after approximate 20 minutes of the
experiment. The surface resistance curves for both situations are show in Figure 4.10,
which were calculated from the leakage current data.
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Leakage Current
0.07

Leakage Current (A)

0.06
0.05
0.04
0.03
No Fog Situation

0.02
Clean Fog Situation

0.01
0
0

20

40

60
Time (min)

80

100

120

Figure 4.9 Leakage Current Curves for 115 kV Composite Insulator Coated with Fire
Retardant

Surface Resistance

4

12

x 10

Surface Resistance (ohms)

10

8

6

4
Clean Fog Situation

2
No Fog Situation

0
0

20

40

60
Time (min)

80

100

120

Figure 4.10 Surface Resistance Curves for 115 kV Composite Insulator Coated with Fire
Retardant
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If only top and shank surfaces are coated, no leakage current signals can be
observed. The main reason is that the sheds’ bottom surfaces still retain hydrophobicity and
high resistance.
Insulator Performance Improvements
Due to the high risk of flashover, additional actions are necessary to enhance the
continuous operation of the transmission line passing through high vegetation areas and
national forests, where there is a significant risk of wildfire by natural or manmade causes.
Therefore, a proper way to evaluate the flashover voltage by a model based on the data
achieved in laboratory is necessary for offering improvement suggestions, especially for
higher voltage levels. All experiments were conducted up to 115 kV and the statistical
models were utilized to predict the flashover voltage at 230, 345 and 500 kV.
For this experiment, all samples were fully coated with the fire retardant and
allowed for a 24 hours drying time. To achieve the flashover voltages of different composite
insulator lengths, continuous part of the 115 kV composite insulator with various lengths
was coated for each case. For ceramic insulator, different lengths were obtained by varying
the number of disks in the string.
The regression model utilized is power regression model [86]. The expression is,
𝑦 = 𝜃1 ∗ 𝑥 𝜃2

(4.1)

where, x is the insulator length in cm;
y is the predicted flashover voltage in kV;
𝜃1 and 𝜃2 are the regression coefficients.
Both confidence intervals (CI) and prediction intervals (PI) were utilized to analyze
the models. CI is for the evaluation of data within the observation range and PI is for the
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data outside of the observation range. The analysis is achieved by Minitab.
The calculation of the confidence intervals is shown below [86],
1 (𝑥0 − 𝑥̅ )2
𝜇̂ 𝑦|𝑥0 − 𝑡𝛼,𝑛−2 ∙ √𝑀𝑆𝑟𝑒𝑠 ∙ [ +
] ≤ 𝐸(𝑦|𝑥0 )
𝑛
𝑆𝑥𝑥
2
(4.2)
1 (𝑥0 − 𝑥̅ )2
≤ 𝜇̂ 𝑦|𝑥0 + 𝑡𝛼,𝑛−2 ∙ √𝑀𝑆𝑟𝑒𝑠 ∙ [ +
]
𝑛
𝑆𝑥𝑥
2
The calculation of the prediction intervals is shown below,

𝑦̂0 − 𝑡𝛼,𝑛−2 ∙ √𝑀𝑆𝑟𝑒𝑠 ∙ [1 +
2

1 (𝑥0 − 𝑥̅ )2
+
] ≤ 𝑦0
𝑛
𝑆𝑥𝑥
(4.3)

≤ 𝑦̂0 + 𝑡𝛼,𝑛−2 ∙ √𝑀𝑆𝑟𝑒𝑠 ∙ [1 +
2

1 (𝑥0 − 𝑥̅ )2
+
]
𝑛
𝑆𝑥𝑥

where, 𝜇̂ 𝑦|𝑥0 is the estimation of 𝑦 at 𝑥0 ;
𝛼 is set as 5% in this dissertation;
n is the quantity of tests;
𝑡𝛼,𝑛−2 is the t value read from t distribution, which is determined by 𝛼 and n;
2

𝑀𝑆𝑟𝑒𝑠 is the mean square of the residual;
𝑥̅ is the average of x;
𝑆𝑥𝑥 is the corrected sum of squares of the xi;
𝑦̂0 is the prediction of 𝑦 at 𝑥0 .
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Regression Model for the Composite Insulator
Composite insulators with various lengths were fully coated with fire retardant and
tested to get their flashover voltages. By defining the insulator length as x in cm and
flashover voltage as y in kV, the fitted regression model is,
𝑦 = 2.17𝑥 0.77

(4.4)

The lack of fit table is shown in Table 4.4. The P value is 0.50 which is significantly
larger than 0.05, indicating that there is no evidence that the model does not fit the data.

Table 4.4 Lack of Fit Table for the Regression Model of the 115 kV Composite Insulator
Source

Degree of Freedom Sum of Square Mean Square F Value Prob>F

Error

7

186.41

26.63

Lack of Fit

2

45.74

22.87

Pure Error

5

140.67

28.13

0.81

0.50

The original data, regression model, 95% confidence intervals and 95% prediction
intervals are shown in Figure 4.11. The divergence of the predicted flashover voltages
under 95% prediction intervals is shown in Figure 4.12 and shows a good prediction
performance since the percentage of the prediction deviation is decreasing with the
increasing of the insulator length.
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Figure 4.11 Regression Model for the 115 kV Composite Insulator

Unit in kV
Unit in %

5

30

4

25

3

20

2

15

1

10
0

50

100

150
200
250
300
350
Composite Insulator Length (cm)

400

Deviation Range (%)

Deviation Range (kV)
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0
450

Figure 4.12 Divergence of Predicted FOVs under 95% PI for the 115 kV Composite
Insulator
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Some prediction data are show in Table 4.5. The approximate insulator dry arc
distance is according to one manufacturer’s catalog. The flashover voltage for 115 kV
composite insulator is 66 kV (see Table 4.3), which is within the prediction interval rang
of 53 ~ 74 kV. But as the transmission line voltage level increases, the rated voltages are
within or even higher than the prediction intervals. To minimize the flashover risk and
guarantee the continuous operation of transmission line, the prediction interval for
flashover voltage should be lower than the insulator rated voltage, so as to reduce the risk
of insulator flashover during the fire fighting operation. The yield minimum requirements
for the composite insulator dry arc distance are shown in Table 4.6, as to the calculation
results from the regression model.

Table 4.5 FOV Prediction Interval for the 115 kV Composite Insulators
Transmission Line
Voltage Level (kV)

Insulator Rated
Voltage (kV)

Approximate Insulator
Dry Arc Distance (cm)

Prediction
Interval for FOV
(kV)

115

66

78

53 ~ 74

230

133

200

113 ~ 144

345

199

300

155 ~ 198

500

289

400

192 ~ 248
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Table 4.6 Suggested Composite Insulator Dry Arc Distances
Transmission Line Voltage
Levels (kV)

Suggested Minimum Insulator
Dry Arc Distance (cm)

115

104

230

247

345

422

500

700

Regression Model for the Ceramic Insulator
Insulator stings with different numbers of ceramic insulators were fully coated with
fire retardant and tested to get their flashover voltages. By defining the insulator string’s
length as x in cm and flashover voltage as y in kV, the fitted regression model is,
𝑦 = 0.79𝑥 0.98

(4.5)

The lack of fit table is shown in Table 4.7. The P value is 0.17 which is significantly
larger than 0.05, indicating that there is no evidence that the model does not fit the data.

Table 4.7 Lack of Fit Table for the Regression Model of the 52-5 Cap and Pin Type
Ceramic Insulator
Source

Degree of Freedom Sum of Square Mean Square F Value Prob>F

Error

7

186.41

26.63

Lack of Fit

2

45.74

22.87

Pure Error

5

140.67

28.13

0.81

0.50

The regression model is shown in Figure 4.13. The divergence of the predicted
flashover voltages under 95% prediction intervals is shown in Figure 4.14. Some prediction
data are show in Table 4.8.
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Figure 4.13 Regression Model for the 52-5 Cap and Pin Type Ceramic Insulator

Unit in kV
Unit in %

6

20

4

10

2

0
0

50

100
150
200
250
300
Ceramic Insulator Length (cm)

350

Deviation Range (%)

Deviation Range (kV)

30

0
400

Figure 4.14 Divergence of Predicted FOVs under 95% PI for the 52-5 Cap and Pin Type
Ceramic Insulator
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Table 4.8 FOV Prediction Interval for the 52-5 Cap and Pin Type Ceramic Insulator

Transmission Line Insulator Rated
Voltage Level (kV) Voltage (kV)

Recommended
Number of
Insulator Units

Approximate
Insulator Dry Arc
Distance (cm)

Flashover
Voltage
Prediction
Interval (kV)

115

66

7-9

102 - 131

71 - 100

230

133

12

175

122 - 132

345

199

18

263

183 - 197

500

289

24

350

243 - 261

The recommend number of insulator units in Table 4.8 is as to Electric Power
Research Institute (EPRI) Red Book [87]. The flashover voltage prediction intervals are
lower than the insulator rated voltage for 230 kV transmission line voltage level and above,
which indicates a high risk of flashover during the fire fighting operation. The minimum
requirements of units for the ceramic insulator are shown in Table 4.9, as to the calculation
results from the regression model.

Table 4.9 Suggested Number of 52-5 Cap and Pin Type Ceramic Insulator Units
Transmission Line Voltage
Levels (kV)

Suggested Minimum Number of
Insulator Units

115

7-9

230

14

345

20

500

29
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Discussion
The impact of fire retardant on the insulator was studied in this chapter. The surface
wettability class of clean insulator is WC 1. The fire retardant can change the surface
wettability class to WC 7 level, which is the highest level for insulator wettability.
If the insulator was fully coated with the fire retardant, there is not enough time to
recover the surface hydrophobicity even without wetting and the flashover will occur if the
transmission line was re-energized within 4 hours.
If the entire insulator was coated and got wet within 2 days after re-energized, there
is a high probability of flashover.
If part of the insulator was hydrophobic as not coated with the fire retardant, the
risk of flashover is almost mitigated.
Power regression models were constructed to make flashover voltage prediction for
higher voltage levels. The flashover voltages were found to be lower than the highest
operating voltages for 230, 345 and 500 kV transmission lines, which signify high
likelihood of service interruptions. Longer composite insulator length and extra ceramic
insulator disks are suggested.
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5

CHAPTER 5

STATISTICAL MODEL FOR FLASHOVER PROBABILITY PREDICTION

Introduction
Insulators with a large variety of shapes and materials could be used in distribution
lines, compared with the situation in transmission lines. It is challenging to evaluate the
insulator performance due to wide variations in insulator shapes, materials and pollution
severity [88, 89]. The aging of composite insulator even makes the situation more
complicated. Therefore, evaluating the flashover probability for different service
conditions for a large variety of insulators is desirable as it benefits utilities in insulator
selection and also helps them in maintenance decisions.
This chapter develops a flashover probability prediction model, based on
experimental data achieved from all distribution and transmission class insulators in
previous two chapters. A sensitivity analysis of parameters was performed. Suggestions
were offered for the insulator safe operation and insulator design.
Comprehensive Flashover Voltage Prediction Model
Four parameters were considered, including leakage distance (LD), ESDD, WC and
form factor (FF). The form factor was calculated as per the equation below [90, 91].
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𝐿

𝐿
1
1
𝐹𝐹 = ∫
𝑑𝑙 = ∫
𝑑𝑙
0 𝑝(𝑙)
0 𝜋∗𝐷

(5.1)

where, L is the total leakage distance;
𝑝(𝑙) is the insulator circumference at a partial leakage distance dl;
D is the insulator diameter at the partial leakage distance dl.
Besides those four parameters mentioned above, a new parameter has been
introduced, which is defined as form factor ratio (FFR). FFR is used to describe the shape
differences of the exposed and protected parts of the insulator. It is achieved by dividing
the form factor of the bottom surface (𝐹𝐹𝑏𝑜𝑡𝑡𝑜𝑚 ) by the form factor of the top surface
(𝐹𝐹𝑡𝑜𝑝 ). The equation for FFR is shown below and the illustration of relative variables is
indicated in Figure 5.1, with the 52-5 type ceramic insulator as example [92].
𝐹𝐹𝑅 =

𝐹𝐹𝑏𝑜𝑡𝑡𝑜𝑚
𝐹𝐹𝑡𝑜𝑝

(5.2)

FFtop
H
FFbottom
D
Figure 5.1 Illustration of Form Factor Ratio Variables in 52-5 Cap and Pin Type Ceramic
Insulator
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A large form factor ratio always indicates deeper ribs or more ribs for an insulator
with certain height (H) and diameter (D). This parameter can be used to specify the shape
difference among different insulators. A summary of the parameters for all tested insulators
is shown in Table 5.1. For insulators in group 12 and 13, data for multiple lengths were
considered into the model.
Table 5.1 Details of all Insulators used for the flashover Prediction Model
Group

Type

LD (cm)

ESDD
(mg/cm2)

WC

FF

FFR

1

Long rod

85

0.17

1

6.97

0.96

2

Long rod

38

0.28

1

3.51

0.98

3

Pin Type

53

0.05

2

1.55

9.29

4

Pin Type

37

0.05

2

1.07

6.10

5

Pin Type

40

0.15

5

1.24

22.23

6

Pin Type

21

0.12

4

1.08

3.31

7

Pin Type

19

0.07

4

0.89

4.06

8

Pin Type

14

0.34

5

0.84

2.62

9

Pin Type

10

0.46

5

0.66

2.85

10

Line Post

43

0.12

5

1.63

0.73

11

Pin Type

39

0.31

6

1.28

6.51

12*

Long rod

211

3.00

1

16.29

3.90

13**

Cap and Pin

36

3.00

4

0.83

3.49

Note: * Data in this row is for entire 115 kV composite insulator.
** Data in this row is for single 52-5 cap and pin type ceramic insulator.

A fourth-order model in multiple variables was utilized to construct the flashover
voltage prediction model. Stepwise regression algorithm was applied to evaluate the
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valuable subsets of the regression model [93]. The ordinary least squares estimate of
coefficients for the regression mode is calculated by [86],
𝛽̂ = (𝑋 ′ 𝑋)−1 𝑋 ′ 𝑌

(5.3)

where, X ∈ ℝ𝑘∗𝑗 , is the independent variables matrix (variables shown in Table 5.1). k is
the number of experiments and j is number of regression’s variables. The rank
of X is j;
Y ∈ ℝ𝑘∗1 , is the dependent variable matrix (the experimentally obtained flashover
voltage values).
The outliers and inappropriate regressors were removed after evaluating the model.
Then the ultimate coefficients were determined with the X matrix as below.
1
𝑋= ⋮
[1

𝐿𝐷1

𝐸𝑆𝐷𝐷1

(𝐸𝑆𝐷𝐷 ∗ 𝑊𝐶)1

(𝐸𝑆𝐷𝐷 ∗ 𝑊𝐶 ∗ 𝐹𝐹 ∗ 𝐹𝐹𝑅)1

⋮

⋮

⋮

⋮

𝐿𝐷𝑘

𝐸𝑆𝐷𝐷𝑘

(𝐸𝑆𝐷𝐷 ∗ 𝑊𝐶)𝑘

(𝐸𝑆𝐷𝐷 ∗ 𝑊𝐶 ∗ 𝐹𝐹 ∗ 𝐹𝐹𝑅)𝑘 ]

(5.4)

Meanwhile, the Y matrix is,
𝑓𝑙𝑎𝑠ℎ𝑜𝑣𝑒𝑟 𝑣𝑜𝑙𝑡𝑎𝑔𝑒1
𝑌=

⋮

(5.5)

[𝑓𝑙𝑎𝑠ℎ𝑜𝑣𝑒𝑟 𝑣𝑜𝑙𝑡𝑎𝑔𝑒𝑘 ]
The flashover voltage prediction model with the updated coefficients is,
𝐹𝑂𝑉 = 4.13 + 0.45𝐿𝐷 + 2.55𝐸𝑆𝐷𝐷 − 0.917𝐸𝑆𝐷𝐷 ∗ 𝑊𝐶
(5.6)
−0.1965𝐸𝑆𝐷𝐷 ∗ 𝑊𝐶 ∗ 𝐹𝐹 ∗ 𝐹𝐹𝑅
The test statistic F, whose value is 93.59, is much larger than the critical value F0.05
(4, 29) = 2.7, which indicates that the model is significant.
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Flashover Probability Prediction Model
The regression model constructed above for flashover voltage is following the
principle of least squares [94, 95]. As a result, the flashover voltage distribution at certain
parameters is also following the normal distribution, which is the precondition for least
squares principle, with the predicted flashover voltage as the mean value and the error
variance as the variance (Figure 5.2) [96-99]. The two dash-dot lines show the 95%

Flashover Voltage

prediction interval for the flashover voltage prediction model.

95%

Independent Variable

Figure 5.2 Normal Distribution Demonstration for the Regression Model
∑𝑛𝑖=1(𝑦𝑖 − 𝑦̂𝑖 )2
𝐸𝑟𝑟𝑜𝑟 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 =
𝑛−2

(5.7)

By standardizing the flashover voltage distribution, the flashover probability is
given by the cumulative distribution function [86],
𝐸𝑟𝑟𝑜𝑟 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 =

∑𝑛𝑖=1(𝑦𝑖 − 𝑦̂𝑖 )2
𝑛−2

1
𝑦𝑠𝑡𝑑
𝛷(𝑦) = [1 + 𝑒𝑟𝑓 (
)]
2
√2
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(5.8)

(5.9)

where, erf is the related error function,
𝑒𝑟𝑓 =

1
√𝜋

𝑧

2

∫ 𝑒 −𝑡 𝑑𝑡

(5.10)

−𝑧

The flow chart for the whole probability prediction model is shown in Figure 5.3.

Start

Input
insulator’s
parameters

Input experiment data
set of LD, ESDD,
WC, FF, FFR

Calculate the least squares
estimate of coefficients as to
stepwise regression algorithm

Is there any
outliers?

Update the
experiment data set

Yes

Remove those
outliers

No
Achieve the flashover
voltage regression model

Calculate the
error variance

Calculate the predicted
flashover voltage

Standardize the predicted
flashover voltage
Calculate the
flashover probability

Finish

Figure 5.3 Flow Chart for the Flashover Probability Prediction Model
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Parameter Sensitivity Analysis
ESDD and wettability are two important indicators for the health monitoring of inservice insulator. A well understanding of them can offer valuable guidance for insulator
maintenance. Their relations with the flashover probability for the composite insulator
(group 12) were studied.
The variation of flashover probability with different ESDD and wettability is show
in Figure 5.4. It shows that an insulator with leakage distance of 211 cm that is completely
hydrophobic with WC=1 has no risk of flashover even with a high ESDD of 2 mg/cm2. But
the same insulator would have 50% flashover probability if the wettability increased to WC
5, and most certainly will flashover if it completely lost its hydrophobicity for ESDD of
0.5 mg/cm2. Thus, this data will help in selecting the right type of material and leakage
distance for a given location, especially in regions with moderate to high contamination
severity.

Flashover Probability (%)

100

WC 7
90 WC 6
80 WC 5
WC 4
70
WC 3
60 WC 2
50 WC 1

40
30
20
10
0
0

0.5

1

1.5
2
2.5
2
ESDD (mg/cm )

3

3.5

4

Figure 5.4 Effects of ESDD and Wettability for Flashover Probability of Group 12 115
kV Composite Insulator with Leakage Distance of 211 cm
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The effect of form factor ratio for the ceramic insulator (group 13) was also
evaluated. Figure 5.5 shows the effect of form factor ratio for the standard cap and pin type
suspension insulator with a leakage distance of 288 cm (8 bells for 115 kV) for extremely
high contamination severity of 3 mg/cm2. It shows that changing the form factor ratio from
3 to 4 can significantly improve the flashover performance. This can be achieved by
increasing the depth of the inside ribs as shown in Figure 5.6, which can result in a larger
FFR to improve the contamination performance.

Figure 5.5 Effect of FFR on Flashover Probability for the 52-5 Cap and Pin Type Ceramic
Insulator
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Enlarge the inside ribs
Figure 5.6 The Improved 52-5 Cap and Pin Type Ceramic Insulator with Deeper Inside
Ribs

Discussion
The flashover probability for both transmission and distribution class insulators
with different shapes and materials has been evaluated in a single model. The model is
based on the ordinary least squares estimation and the stepwise regression algorithm. The
leakage distance, ESDD, wettability class, form factor and form factor ratio were
considered in this model. It can be utilized to predict the flashover probability under
different conditions, as well as evaluate the effect of each insulator parameter. The utility
of the model has been illustrated for composite and ceramic insulators.
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6 CHAPTER 6
ELECTRIC FIELD MEASUREMENT OF INSULATORS

Introduction
The electric field distribution inside and surrounding the insulator has a direct
relationship with the insulator performance. Insulators need to be optimally designed to
reduce the maximum electric field and the electric field gradient. Electric field
measurement probes from earlier era were bulky and of low resolution. Hence most of the
early researchers mainly focused on numerical calculation of the electric field as the
electric field measurement techniques were not extensively used. As the electric field data
from calculation or simulation may not completely encapsulate the actual field condition,
it is the measured electric field which can be of greater value for the insulation design and
live-line inspection [100].
Laser light has outstanding anti-interference performance to electrical disturbances
which makes it a potential candidate for electric field measurement in complex
electromagnetic environment. Hence techniques based on optical activity show a great
potential for the application in power system area [101, 102]. An electro-optic probe was
used in this chapter to measure the electric field around the insulator. Numerical
simulations were also performed to evaluate the accuracy of the measurement. This
research focused on studying the effect of the contamination, which can be considered as
a conducting layer, on insulator performance. The electric field patterns for various types
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of insulators were analyzed and the relation between electric field distribution and
flashover voltage was explored.
System Setup
Electric Field Measurement system
The electric field measurement system used in the present study is based on the
principle of Pockels effect of a Bismuth Silicon Oxide crystal [103, 104]. The model is
eoSense LF-20S-3, manufactured by Kapteos. The system has the capability to measure
the electric field from 50 mV/m to 10 MV/m. The measuring probe has a high resolution
and compact packaging as shown in Figure 6.1. The system has three channels and can
synchronously measure the electric field in all three dimensions. The measurement system
consists of four parts: the optical probes, detecting instrument, laptop accompanied with
instrument software and oscilloscope (shown in Figure 6.2). The function of the detecting
instrument is to transmit the laser signal to probe and analyze the received signal from
probe. The software and the oscilloscope are used to read the data to determine the electric

35 mm

field.

5 mm

Figure 6.1 Sizes of the Electric Field Measurement Probe and the Comparison with One
Dollar Coin
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Measurement Software

Oscilloscope

Detecting Instrument

Optical Fiber (to probe)

Figure 6.2 Electric Field Measurement System

Test Setup
The experiments were conducted in a grounded metallic chamber to alleviate the
electromagnetic field disturbances (shown in Figure 6.3). The power supply is the same
with the one mentioned in Chapter 3.
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Chamber
Ground Lead

Support
Insulator
Optical Fiber

Test sample

Probe

Electric Field
Detecting
System
BNC cable

HVAC Cable
Laptop

HVAC
Power
Supply

Oscilloscope

Figure 6.3 Test Setup for the Electric Field Measurement

The probe was mounted on a non-metallic frame and connected with the detecting
instrument through an optical fiber. The frame was fastened on a tripod, which can drive
the probe to different locations (shown in Figure 6.4).

Optical Fiber
High Voltage
Power Supply
Rubber Rod
Model
Grounding
Probe

Figure 6.4 Details for the Electric Field Measurement Probe Set-up
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Probe Calibration
For the electric field measurement system, the electric field value (E) is calculated
with the following equation:
𝐸 = 𝐸𝑟𝑒𝑓 ∙

𝑉
𝑁𝐹

(6.1)

where, 𝐸𝑟𝑒𝑓 : the reference electric field, which is a constant value for a given probe at a
given channel, unit in V/m;
V

: root mean square (RMS) value of the voltage read from the oscilloscope,
unit in V;

NF : the normalization factor, whose value can vary as to the experiment. It can
be obtained from the software or the output ports on the detecting instrument,
unit in V.
As a result, the 𝐸𝑟𝑒𝑓 value needs to be calibrated before experiment to ensure the
measurement accuracy of the probe. Two plates with 30 cm diameter were set up as a
parallel plate capacitor to create a uniform electric field distribution in the gap. Then, the
𝐸𝑟𝑒𝑓 value can be determined when the probe was placed inside the uniform electric field
with known strength. Tests were conducted with different gap spacing (2, 3, and 4 cm)
under various applied voltages (20 V to 16 kV) to decrease the error (shown in Figure 6.5).
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Vsupply

Emeasured

d

Fiber to Instrument

Probe
Grounding

Figure 6.5 Schematic Diagram for the Electric Field Measurement Probe Calibration with
Parallel Plate Capacitor

To match the measurement value with theoretical electric field value, the flowing
equations can be achieved.
𝐸𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝐸𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑
𝐸𝑟𝑒𝑓 ∙

(6.2)

𝑉𝑠𝑢𝑝𝑝𝑙𝑦
𝑉
=
𝑁𝐹
𝑑

(6.3)

𝑉𝑠𝑢𝑝𝑝𝑙𝑦 ∙ 𝑁𝐹
𝑉∙𝑑

(6.4)

Thus,
𝐸𝑟𝑒𝑓 =

Sensitivity Analysis and Measurement Validation
The crystal inside the probe can measure the electric field in a particular direction.
The electric field components in the three mutually perpendicular directions can be
measured to obtain the electric field vector. But it is unrealistic to perform such a complex
measurement by utilities during their in-service inspection. Hence it is essential to explore
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the characteristics of electric field components to determine the most effective one that can
reveal the electric field variation. It would simplify the measurement process significantly,
especially for in-service inspection.
The tests were conducted on a cylinder rubber rod with two aluminum electrodes,
which can be considered as a simplified composite insulator model. The measured electric
field can be decomposed into three components x, y and z as shown in Figure 6.6, in which
y component is in the direction parallel to the central axis of the rod, x component is in the
direction perpendicular to the rod surface and z component is in the direction tangent to the

0.65 cm

rod surface (mutually perpendicular to x and y directions).

14.8 cm

2.57 cm
y
x
z

Mapping Path

Figure 6.6 x, y, z Components of the Electric Field and Mapping Path with the Rubber
Rod Sample

The sample was energized at about 10 kV without any defect and the electric fields
were measured along the mapping path starting from the midpoint of the rod as shown in
Figure 6.6 in the x, y and z directions.
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A software package “Coulomb” was used to perform the numerical simulations so
as to evaluate the accuracy of the measurements. It is a 3 dimensional electric field solver,
based on the boundary element method and the principle of weighted residuals [105]. The
numerical simulations were carried out on a workstation with 4 GHz quad-core processor
and 32 GB RAM. The integral of the electric field vector along the length of the insulator
was calculated to determine the simulation error, which is the deviation of this value from
the applied voltage. The error is related to the number of elements used and was always
limited to 5% for all simulations by suitably adjusting the number of elements and their
locations.
The results of the tests and the simulations revealed good agreement, which is
shown in Figure 6.7. The z component is nearly zero, since the axial symmetry of the rod
nullifies the electric field in this direction. The slops of the experimental data are larger
than the simulation results for x and y components. The reason is that the ground place
position is set at infinite distance in the simulation, which is not true in reality. Meanwhile,
the greatest change happens at y component, as can be expected.
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Electric Field(V/m)

15000

y component

Experiment Result
Simulation Result

10000

x component

5000

z component
0
0

10
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Radial Distance from Surface(mm)

50

60

Figure 6.7 Comparison of x, y, z Components between Experiments and Simulations for
the Non-defect Rubber Rod Sample

Further, measurements were also conducted with a conducting defect (6 mm in
width and 37 mm in length) stuck in the middle of the rod sample. The measurement path
is the same as in Figure 6.6. The electric field differences for all x, y, z components with
and without defect are shown in Figure 6.8.
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Figure 6.8 Differences for 3-D Electric Field Components for the Rubber Rod Sample
with and without Defects

Large magnitude and significant deviation in electric field component are necessary
for easy detection and identification. Both x and y components of the electric field have
significant deviation as shown in Figure 6.8. Meanwhile, it can be inferred from Figure 6.7
that y component of the electric field has a larger magnitude when compared with the rest
two components. Therefore, the y component of the electric field is a good indicator for
the detection and analysis of the electric field variation.
Electric Field Distribution Measurements
Conductivity Evaluation for Contamination Layer
Contamination on the insulator surface can be an important threat for the
performance of insulator. It can mostly accumulate on the bottom part of the insulator
surface, which can destroy the surface hydrophobicity as well as increase the surface
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conductivity, and then change the electric field distribution around the insulator. Good
knowledge about the impact of the contamination layer would help the utilities schedule
the insulator maintenance more efficiently.
Several pervious researches have mentioned the method to evaluate the surface
conductivity using the leakage current and form factor [90, 106, 107]. However, their
theory missed the thickness of the contamination layer. The conductivity can be derived
from the following equation.
∆𝑅 = 𝜌 ∙

∆𝑙 1
∆𝑙
= ∙
𝑆
𝜎 𝑡 ∙ 2𝜋𝑟

(6.5)

where, ∆𝑙 is the partial leakage distance along the insulator surface;
∆𝑅 is the resistance for ∆𝑙;
𝜌 is the resistivity of the contamination;
𝑆 is the cross-section area of the contamination layer at the partial leakage
distance ∆𝑙;
𝜎 is the contamination’s conductivity;
𝑡 is the thickness of the contamination layer;
r is the insulator radius at the partial leakage distance ∆𝑙.

Thus,
1
1
1 1
1
1
1
𝑅=∫ ∙
𝑑𝑙 = ∫ ∙
𝑑𝑙 = ∫
𝑑𝑙 =
∙ 𝐹𝐹
𝜎 𝑡 ∙ 2𝜋𝑟
𝜎𝑡 2𝜋𝑟
𝜎𝑡 2𝜋𝑟
𝜎𝑡

(6.6)

Then by re-arranging,
𝜎=

𝐹𝐹
𝑅∙𝑡
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(6.7)

It is difficult to calculate the accurate conductivity with the above equation for the
following reasons. (a) It is inconvenient to check the form factor for insulators during the
in-service inspection, especially for utilities which carry considerable number of
distribution class insulator types. (b) The contamination layer is very thin to be measured
on the insulator surface. As a result, a separate test is necessary to measure the conductivity
of different contamination layers.
The conductivity of the contamination layer is mainly based on the ions present in
the pollutant. For the solid layer test in the lab, the pollutant consists of kaolin and NaCl.
So the conductivity depends on the activity of Na+ and Cl-. Further, the ions’ activity is
affected by the environmental humidity. Therefore, the relation between humidity and
conductivity of the pollutant is also important. The conductivity can be measured with a
parallel plane capacitor model [108]. A measurement setup (shown in Figure 6.9) was built
to measure the conductivity and the circuit for it is shown in Figure 6.10.

Applied Voltage
Electrodes
Contamination Layer
Resistance
Grounding
Thin Contamination Layer Coated on the Electrode

Figure 6.9 Conductivity Measurement Setup for the Contamination Layer
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Contamination Layer

D
t

VSupply
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Vr

Figure 6.10 Conductivity Measurement Circuit for the Contamination Layer

The voltage balance function is,

𝑉𝑠𝑢𝑝𝑝𝑙𝑦 =

𝑉𝑟
1
∙( ∙
𝑅
𝜎

𝑡
𝐷 2
𝜋( )
2

+ 𝑅)

(6.8)

where, 𝑉𝑠𝑢𝑝𝑝𝑙𝑦 is the supply voltage;
D is the diameter of the contamination layer;
𝑡 is the thickness of the contamination layer;

R is a small resistor in series with the contamination layer;
𝑉𝑟 is the voltage on R, which is read from the multimeter;
𝜎 is the conductivity of the contamination layer.
The conductivity is derived as the following equation,
𝜎=

4𝑡𝑉𝑟
𝜋𝐷2 𝑅(𝑉𝑠𝑢𝑝𝑝𝑙𝑦 − 𝑉𝑟 )

(6.9)

Contamination with three ESDD values (0.1, 0.5, 1 mg/cm2) were tested under
different relative humidity levels. The results are shown in Figure 6.11, 6.12, and 6.13. The
regression models are also shown in the figures. The R-square values for all cases are larger
than 97%, indicating a good regression performance.
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Figure 6.11 The Relationship between Conductivity and Relative Humidity when ESDD=
0.1 mg/cm2
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Figure 6.12 The Relationship between Conductivity and Relative Humidity when
ESDD=0.5 mg/cm2
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Figure 6.13 The Relationship between Conductivity and Relative Humidity when
ESDD=1 mg/cm2

It can be concluded from Figure 6.11 to 6.13 that the conductivity has an
exponential relation with the relative humidity. If comparison wants to be made among
different electric field distribution curves, the effect of relative humidity needs to be
considered.
Electric Field Measurements for Different Insulators
In order to understand the effect of pollutant on the electric field distribution around
the insulator, 6 kinds of distribution class insulators were selected, including composite
suspension insulator, ceramic cap and pin insulator, as well as ceramic post insulator. The
electric field were measured under 3 pollutant severities (different ESDD values): 0
mg/cm2 (clean surface), 0.1 mg/cm2 and 1 mg/cm2. The mapping path is along a path close
to the insulator edge, with 8 mm distance away from the shed edge (shown in Figure 6.14).
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The electric field variations are shown in Figure 6.15 to 6.20. To make the electric field
measurement comparable, the relative humidity was monitored to limit the maximum
variation within 10% for single insulator measurement. All measured electric field values
are the component in y direction, as mentioned in previous section.

Mapping Path

Mapping Path

Insulator C

Insulator E

Insulator F

Mapping Path

Mapping Path

Insulator D

Insulator B

Mapping Path

Mapping Path

Insulator A

Figure 6.14 6 Insulators for Electric Field Measurements and Their Mapping Paths
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Figure 6.15 Electric Field Distributions for Insulator A
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Figure 6.16 Electric Field Distributions for Insulator B
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Figure 6.17 Electric Field Distributions for Insulator C
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Figure 6.18 Electric Field Distributions for Insulator D
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Figure 6.19 Electric Field Distributions for Insulator E
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Figure 6.20 Electric Field Distributions for Insulator F
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It can be noticed that for the same ESDD, the maximum value of electric field is
larger for non-uniform contamination layer, which actually has a higher flashover voltage.
For insulator with multiple sheds, the shed’s edge always generates a higher electric field
when only coated on the bottom of the shed. For insulators with only one shed, the bottom
coated case would always lead to a significant increase of the electric field near the
grounding end.
Verification of Electric Field Measurement
The insulator A was modeled in the numerical calculation with the Coulomb. The
contamination layer thickness was set as 0.1 mm, as to experimental estimation and other
papers [109-113]. The three different ESDD values tested in previous section were all
modeled.
The cross-section view of the model for insulator A constructed in the Coulomb is
shown in Figure 6.21. The details of the boundary elements are shown in Figure 6.22.
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Figure 6.21 Different Contamination Models: (a) with no Contamination Layer. (b) with
Fully Coated Contamination Layer. (c) only with Contamination Layer on the Bottom of
the Shed.

Figure 6.22 Simulation model for Insulator A: (a) the Elements of the Insulator Surface.
(b) the Elements of the Fully Coated Contamination Layer. (c) the Elements of the
Contamination Layer Coated only on the Bottom Surface of the Shed.

The relative humidity was set at 50%, which is around the measurement
environment for insulator A. The corresponding conductivities were then calculated using
the regression equations in Figure 6.11 and Figure 6.13. The simulation results for three
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ESDD levels and different coating areas are shown in Figure 6.23, with the same mapping
path mentioned in previous. Several detailed comparisons between simulation results and
experimental results are shown in Figure 6.24 to Figure 6.26.
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Figure 6.23 Simulation Results for the 16 kV Composite Insulator A
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Figure 6.24 Comparison between Simulated Data and Experimental Data for Clean
Surface Condition
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Figure 6.25 Comparison between Simulated Data and Experimental Data for ESDD=0.1
mg/cm2 (Bottom Coated Only)
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Figure 6.26 Comparison between Simulated Data and Experimental Data for ESDD=1
mg/cm2 (Fully Coated)

The differences between the measurement and simulation results are shown in Table
6.1 for two parameters, EFmax and Vint. The results show a fairly well match for the results.
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Table 6.1 Differences between Experiment and Simulation Results for Insulator A
Simulation

Experiment

Difference

Data

Data

Ratio

Clean Surface

40700

41109

1%

ESDD=0.1

48200

52598

8.4%

ESDD=0.1(Bottom coated only)

66700

64872

2.3%

ESDD=1

66200

63916

3.6%

ESDD=1(Bottom coated only)

78600

72968

7.7%

Clean Surface

4.07

3.84

5.9%

ESDD=0.1

4.66

5.02

7.1%

ESDD=0.1(Bottom coated only)

6.06

5.07

19.6%

ESDD=1

5.31

5.88

9.7%

ESDD=1(Bottom coated only)

5.45

6.24

12.7%

Parameters

EFmax
(V/m)

Vint
(kV)

Relation between Electric Field and Insulator Flashover Voltage
Knowledge of the electric field variation curve is not sufficient for in-service
inspection. Extraction and quantization of the information embedded in the electric field
distribution curve are essential for insulator performance evaluation. Three parameters
were calculated from the electric field distribution curve to analyze their relationship with
the flashover voltage. The parameters are as follows:
(a) Maximum electric field (𝐸𝑚𝑎𝑥 )
Larger electric field value generally means higher chance to develop discharge,
corona and even arcing, so the maximum electric field (𝐸𝑚𝑎𝑥 ) value of the
curve was considered.
(b) Potential (𝑉𝑖𝑛𝑡 )
It is the integral of the electric field along the mapping path. The potential
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undertaking along the mapping path is assumed to have relation with the
insulator performance.
(c) Electric field variation gradient (𝑉𝑎𝑟)
The electric field variation gradient was evaluated as the variance of the electric
field curve data. It was considered because insulator geometry has a close
relation with the insulator performance and different insulator geometry design
can develop different electric field variation.
Correlation analysis was conducted to explore the relationship among those
parameters, which can measure the interrelation between each pair variables. Hence the
appropriate variable can be selected to reflect electric field characteristics. Spearman’s rank
correlation coefficient was applied since it is uncertain whether the relation is linear or
nonlinear. This method initially calculates the ranked values of the two variables for which
correlation is to be assessed. Further, it uses these ranked values to determine a monotonic
function to assess the relationship [114]. The Spearman’s rank correlation coefficient is
computed from,
𝑟𝑠 = 𝜌𝑟𝑔𝑋,𝑟𝑔𝑌 =

𝑐𝑜𝑣(𝑟𝑔𝑋 , 𝑟𝑔𝑌 ) 𝐸[(𝑟𝑔𝑋 − 𝜇𝑟𝑔𝑋 )(𝑟𝑔𝑌 − 𝜇𝑟𝑔𝑌 )]
=
𝜎𝑟𝑔𝑋 ∙ 𝜎𝑟𝑔𝑌
𝜎𝑟𝑔𝑋 ∙ 𝜎𝑟𝑔𝑌

(6.10)

where, 𝑟𝑔𝑋 , 𝑟𝑔𝑌 are the ranked variables from X and Y;
𝜌𝑟𝑔𝑋 ,𝑟𝑔𝑌 is the Pearson correlation coefficient applied to the ranked variables;
𝑐𝑜𝑣(𝑟𝑔𝑋 , 𝑟𝑔𝑌 ) is the covariance of the two ranked variables;
𝜎𝑟𝑔𝑋 , 𝜎𝑟𝑔𝑌 are the standard deviations of the two ranked variables;
𝜇𝑟𝑔𝑋 , 𝜇𝑟𝑔𝑌 are the mean values of the two ranked variables;
𝐸 is the expectation.
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The results of the Spearman’s rank correlation are shown in Table 6.2, in which
larger correlation coefficient means stronger relationship.

Table 6.2 Correlation Analysis for Parameters of Electric Field Distribution Curves and
the FOV
𝐸𝑚𝑎𝑥

𝑉𝑖𝑛𝑡

𝑉𝑎𝑟

𝑉𝑖𝑛𝑡

0.865

𝑉𝑎𝑟

0.972

0.807

𝐹𝑂𝑉

0.045

0.182

0.019

Table 6.2 indicates that 𝐸𝑚𝑎𝑥 , 𝑉𝑎𝑟 and 𝑉𝑖𝑛𝑡 have strong collinearity with each
other. But only 𝑉𝑖𝑛𝑡 shows a significant large relation with the insulator flashover voltage,
compared with 𝐸𝑚𝑎𝑥 and 𝑉𝑎𝑟 . Therefore, 𝑉𝑖𝑛𝑡 was the parameter selected for the
electric field distribution.
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Figure 6.27 Distribution of 𝑉𝑖𝑛𝑡 and flashover voltage for insulators with different rated
voltages
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Figure 6.27 shows that both 𝑉𝑖𝑛𝑡 and flashover voltage have strong connections
with the voltage applied to the insulator. These values are scattered as they belong to
different voltage levels. It is better to convert the large different absolute values into a base
relationship, just like the per-unit conception in power system area. Per-unit value is the
expression of system quality as fraction of a defined unit quantity [115, 116]. In this
research, the base unit quantity was set as the insulator’s rated voltage. Then, the per-unit
value of 𝑉𝑖𝑛𝑡 and FOV can be expressed as,
𝑉𝑖𝑛𝑡_𝑝𝑒𝑟 =

𝑉𝑖𝑛𝑡
𝑉𝑟𝑎𝑡𝑒𝑑

(6.11)

𝐹𝑂𝑉𝑝𝑒𝑟 =

𝐹𝑂𝑉
𝑉𝑟𝑎𝑡𝑒𝑑

(6.12)

Then the per-unit data was adjusted from different scales to a notionally common
scale with normalization. One normalization method, feature scaling algorithm, was
utilized to bring all values into a range (0, 1) with the following equation [117],
𝑋=𝑎+

(𝑥 − 𝑛)(𝑏 − 𝑎)
(𝑚 − 𝑛)

(6.13)

where, x is the original data;
a, b are the target data range boundary and b>a;
m, n are the boundary a little bit wider than the original data, and m>xmax, n<xmin.
It is to avoid to transfer a data close to 0 or 1, which has potential bad effect
on the data analysis.
A logarithmic function was utilized to do the regression for normalized 𝑉𝑖𝑛𝑡_𝑝𝑒𝑟
and 𝐹𝑂𝑉𝑝𝑒𝑟 data. Results of the regression are shown in the Figure 6.28.
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Figure 6.28 FOV Fitted Curve for Normalized Per-unit Values of 𝑉𝑖𝑛𝑡 and FOV
The regression equation of the fitted curve is,
𝐹𝑂𝑉𝑝𝑒𝑟_𝑛𝑜𝑟𝑚 = −0.202 ln(𝑉𝑖𝑛𝑡_𝑝𝑒𝑟_𝑛𝑜𝑟𝑚 ) + 0.0904

(6.14)

where, 𝐹𝑂𝑉𝑝𝑒𝑟_𝑛𝑜𝑟𝑚 is the normalized 𝐹𝑂𝑉𝑝𝑒𝑟 value;
𝑉𝑖𝑛𝑡_𝑝𝑒𝑟_𝑛𝑜𝑟𝑚 is the normalized 𝑉𝑖𝑛𝑡_𝑝𝑒𝑟 value.
The 𝑅2 value of this model is 59.15%. It is fairly acceptable since the flashover is
a phenomenon with strong randomness. It would be convenient to evaluate the insulator
flashover performance with this model as it requires only the electric field distribution and
the insulator’s rated voltage.
Numerical Calculation and Analysis
The 115 kV composite insulator tested in Chapter 4 was also model at clean surface
situations to predict its flashover voltage. The cross-section view and the details of the
boundary elements are shown in Figure 6.29. The y component of the electric field along
the mapping path is shown in Figure 6.30.
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Figure 6.29 Cross-section View of the 115 kV Composite Insulator’s Simulation Model
and Element Meshing Details
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Figure 6.30 Simulated Electric Field Distribution (y Component) for the 115 kV
Composite Insulator
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The integral of the electric field in Figure 6.30 is 47.2 kV. The normalized 𝑉𝑖𝑛𝑡_𝑝𝑒𝑟
value is 0.59. The normalized flashover voltage can be computed as,
𝐹𝑂𝑉𝑝𝑒𝑟_𝑛𝑜𝑟𝑚 = −0.202 ln(0.59) + 0.0904 = 0.20

(6.15)

The 𝐹𝑂𝑉𝑝𝑒𝑟 value can be computed with conversion of the 𝐹𝑂𝑉𝑝𝑒𝑟_𝑛𝑜𝑟𝑚 value.
Hence the predict flashover voltage is 274 kV, which is achieved by the conversion of the
𝐹𝑂𝑉𝑝𝑒𝑟 value. As indicated in the product brochure, the flashover data for this kind of
insulator is 280 kV, in which the prediction’s accuracy is 98% and shows a good prediction
performance.
Discussion
An advanced electric field measurement probe, based on Pockels electro-optic
effect, was utilized to explore the electric field distribution of different kinds of insulators
with various contamination levels. The sensitivity analysis was conducted for all three
components of the electric field and the measurement was validated using the simulation
performed with Coulomb, a 3-dimensional electric field solver.
The relation between the conductivity of the contamination and the environmental
relative humidity was determined with parallel plane capacitor set-up.
Insulators were coated with contamination for two cases (i) Coating the complete
surface (ii) Coating only the bottom surface of the sheds. Maximum value of the electric
field distribution was observed to be higher in the second case. It was also witnessed that
the flashover probability was lower in the second case.
A logarithmic regression model was developed to describe the relationship between
the electric field distribution along the insulator shed edge and the insulator flashover
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voltage. The flashover voltage for a 115 kV composite insulator with clean surface was
predicted using the developed model and a good agreement was observed with the insulator
specifications brochure.
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7

CHAPTER 7

CONCLUSIONS AND FUTURE WORK

Conclusions
The main objective of the research is to study the insulator performance under
different conditions as well as offer suggestions for the insulator design, selection and
maintenance. Solid layer tests were conducted to study the insulator flashover
characteristics under different rated voltages, shapes, materials, pollution types and
locations on the insulator surface. Statistical models were constructed to evaluate insulator
performance, based on the flashover data achieved from the solid layer tests and insulators’
parameters. Using a field probe to measure the electric field under different pollution
situations, the relation between the flashover voltage and electric filed distribution was
explored. The conclusions of the research are as follows:
Pollution severities for traditional pollution types are normally below medium level,
as per IEC standard. In such a scenario, flashover of the insulator at operating voltages is
unlikely to occur even after in service for many years.
The commercial fire retardant has a noticeable impact on insulator performance,
which can completely destroy the hydrophobicity of the composite insulator surface. If the
insulator is fully coated with fire retardant, flashover will occur if the line is not deenergized. To minimize flashover risk, insulators must be cleaned prior to line reenergization. Using a power regression model, flashover voltage under fire retardant
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situation was found to be lower than the highest operating voltages for 230, 345 and 500
kV transmission lines, which signify high likelihood of service interruptions. Suitable
design criteria for different voltage levels were provided for both composite and ceramic
insulators.
The flashover probability prediction model developed can be used for insulators
with different rated voltages, shapes, materials and wide range of pollution severities. The
model can overcome the limitations of existing models which have small application
ranges. Insulator design optimization and maintenance improvement can be achieved by
the sensitivity analysis of the model.
The conductivity of the contamination layer on the insulator surface has a close
relationship with the environmental relative humidity, which can affect the electric field
distribution surrounding the insulator.
The peak of the electric field distribution is not directly related to the insulator
flashover voltage. The potential value resulted from the integration of the electric field
distribution is closely correlated to the flashover voltage.
The relationship between the electric field distribution and the insulator flashover
voltage was established using a logarithmic regression model. The developed model
requires only the measured electric field data to predict the insulator flashover voltage
Future Work
The flashover probability of insulator increases in the presence of fog and it affects
the safe operation of the transmission line. Hence the knowledge of the electric field
distribution in the presence of fog can benefit the insulator design and maintenance.
However, numerical calculation of foggy environment is very difficult as it is
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computationally intense and requires longer execution time. By measuring the electric field
under clean fog and salt fog situations, the performance of insulator can be evaluated.
The acidic content in the rain is also a kind of pollutant which can affect the normal
operation of the insulators and lead to permanent damage to the composite insulation
material. The acid rain can cause the loss of hydrophobicity and result in material
degradation. Hence the research on the effect of acid rain is essential.
Besides severe operating environments, defect is another threat for the safe
operation of the insulator, especially for defects presented inside the insulator, which are
difficult to be identified through manufacture and inspection. With the electric field
measurement technique, it could be possible to discover the electric field distortion caused
by the defect and locate their positions. Defects with different conductivities and varied
locations can be deliberately applied to the insulator so as to explore the variation in the
pattern of the electric field distortion.
Corona discharge can occur in different situations, such as the low-curvature ending
of the metal component, local degradation of the material and also in the environment with
high humidity. The presence of corona can distort the electric field distribution significantly
and affect the insulator performance. Since corona simulation is a challenging topic, it is
beneficial to measure the electric field distortion caused by corona and hence study its
effect on insulator performance.
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